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ABSTRACT 


Two  Kuroshio  eddies  —  one  cyclonic  and  one  anticyclonic  —  were  located 
east  of  Japan  during  October  1976  and  were  the  subject  of  a  detailed  ship 
survey.  A  segment  of  the  Kuroshio  between  the  two  eddies  was  also  studied. 
The  data  consist  of  212  XBT’s  and  29  deep  STD  stations.  These  observations 
represent  some  of  the  most  thorough  measurements  of  Kuroshio  eddies 
presently  available  and  the  first  detailed  description  of  a  cyclonic  eddy. 

The  cyclonic  Kuroshio  eddy  had  an  overall  diameter  of  250  km  and  was  * 
estimated  to  be  4  months  old.  Temperature  at  the  eddy  center  was  7°C  colder 
than  outside  at  a  depth  of  400  m.  The  anticyclonic  eddy  was  120  km  in 
diameter  and  was  7°C  warmer  than  surrounding  water  at  400  m.  It  was  at 
least  8  months  old  and  was  beginning  to  coalesce  with  the  Kuroshio. 
Comparison  of  these  two  eddies  with  several  Gulf  Stream  eddies  shows  them 
to  be  similar  features  in  many  respects. 
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I.  INTRODUCTION 


As  part  of  its  study  of  oceanic  fronts,  the  Naval  Oceanographic  Office 
conducted  a  joint  ship/aircraft  survey  of  the  Kuroshio  and  Oyashio  frontal 
system  east  of  Japan  during  October  1976.  The  Kuroshio  and  Oyashio  fronts 
were  tracked  from  the  coast  eastward  to  about  155°E.  Analysis  of  the  aircraft 
data,  reported  by  Cheney  (1977) ,  revealed  a  complicated  frontal  zone  with 
numerous  eddies  present.  This  report  deals  with  the  data  collected  aboard 
USNS  SILAS  BENT  (T-AGS  26)  in  selected  features  of  the  region  during  18-31 
October. 

II.  DATA 

During  the  initial  aircraft  survey  (9-22  October  1976),  positions  of  a 
cyclonic  Kuroshio  eddy,  the  Kuroshio,  and  an  anticyclonic  Kuroshio  eddy  were 
relayed  to  SILAS  BENT.  Two-hundred  twelve  SXBTs  (shipboard  expendable 
bathythermographs)  and  29  STD  (salinity-temperature-depth)  profiles  were 
subsequently  obtained  during  a  detailed  survey  of  each  of  these  three 
features. 

Raw  data  from  a  Plessey  model  9040  STD  sensor  were  sampled  every  0.5  s 
and  recorded  on  magnetic  tape.  Data  were  than  averaged  and  values  obtained 
at  1  m  intervals.  Corrections  were  applied  by  comparing  values  from 
Niskin  bottle  samples  and  reversing  thermometers  to  those  obtained  by  the 
instrument.  The  accuracy  of  the  STD  system  was  within  0.02°C  in  temperature 
and  about  0.01®/oo  in  salinity.  The  depth  accuracy  was  within  2  m.  Navigation 
was  by  satellite  and  positions  were  accurate  to  within  0.2  km. 

III.  DISCUSSION 

Tor  each  of  the  three  features  investigated  by  the  BENT,  four  vertical 
sections  (vertical  exaggeration  200:1)  are  presented:  1)  temperature; 

2)  salinity;  3)  sound  speed  and  4)  geostrophic  current  velocity.  Sound  speed 


is  derived  from  Wilson's  (I960)  equation,  and  geostrophic  velocity  is 
referenced  to  the  maximum  depth  of  the  STD  cast  in  each  feature.  Selected 
STD  data  used  in  geostrophic  current  calculations  and  other  derived 
parameters  are  listed  in  the  Appendices. 

A.  Kuroshio  Cyclonic  Eddy 

A  Kuroshio  cyclonic  (cold)  eddy,  centered  at  33“N,  143®E,  was 
surveyed  from  SILAS  BENT  during  18-24  October,  1976.  These  observations 
are  particularly  significant  in  that  few  cold  eddy  studies  have  ever  been 
made  and  the  little  information  that  does  exist  (Masuzawa,  1957)  Is  not 
recent.  Temperature  at  400  m  in  the  cold  eddy  is  shown  in  figure  1,  along 
with  SXBT  and  STD  location.  The  overall  diameter  of  the  eddy  is  approximately  , 
250  km*.  Temperature  at  400  m  is  7°C  colder  at  the  eiddy  center  than 
outside  and  the  net  horizontal  gradient  is  0.06°C  km  \ 

Figure  2  is  a  zonal  temperature  section  through  the  eddy  along  33°N 
(center  at  station  6).  The  main  thermocline  at  the  center  of  the  eddy  is 
300  m  shallower  than  in  the  subtropical  water  surrounding  it.  A  remarkable 
feature  that  is  readily  apparent  is  the  fact  that  the  cold  core  extends  to 
3000  m,  although  at  this  depth  temperatures  in  the  eddy  are  only  0.05°C 
colder  than  outside. 

The  age  of  this  eddy  may  be  estimated  by  assuming  a  decay  rate  similar 
to  those  measured  for  Gulf  Stream  eddies.  Assuming  reasonable  Initial 
conditions  for  the  depth  of  the  thermocline  at  the  eddy  core  (15°C  at  75  m) 
and  a  linear  sinking  rate  of  0.5  m  day-*  (Parker,  1971;  Cheney  and  Richardson, 
1976)  the  estimated  age  of  this  eddy  is  four  months. 

*The  intersection  of  the  15°C  isotherm  with  a  depth  of  500  m  has  been 
used  as  a  standard  to  define  the  diameters  of  Gulf  Stream  cyclonic  eddies.  Aj 
equivalent  definition  for  Kuroshio  cyclonic  eddies  is  9°C  at  500  m  depth; 
this  yields  a  diameter  of  170  km  for  the  Kuroshio  eddy  discussed  here. 
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Figure  3  shows  the  existence  of  an  intermediate  salinity  minimum, 
representative  of  North  Pacific  Intermediate  Water  (NPIW) .  The  axis  of 
the  minimum  is  shallower  at  the  eddy  center  (500  m  compared  750  m  outside) 
and  creates  an  interesting  situation:  above  the  minimum  the  eddy  represents 
a  negative  salinity  anomaly  along  horizontal  surfaces  while  the  opposite 
is  true  at  depths  greater  than  the  minimum. 

Sound  speeds  in  the  eddy  (figure  4)  are  low  within  the  core  and  high  in 
the  surrounding  water  at  the  same  depth,  with  a  net  difference  of  25  m  s  \ 
Axial  depth  of  the  deep  sound  channel  (DSC)  shows  an  abrupt  change  from 
900  m  in  the  subtropical  water  to  500  m  in  the  eddy  core.  Although  sonic 
layer  depth  (SLD)  shows  no  appreciable  change  across  the  eddy  in  this  case, 
the  uplifted  thermocline  at  the  eddy  center  represents  a  barrier  to  vertical 
motions  and  creates  the  potential  for  large  SLD  differences  to  occur. 

Periods  of  intense  vertical  mixing,  such  as  during  winter  storms,  would 
establish  deep  mixed  layers  outside  the  cold  eddy  while  layers  would 
remain  shallow  near  the  center. 

A  geostrophic  velocity  section  for  the  cold  eddy  is  shown  in  figure  5. 
The  shaded  portion  represents  southward  flow  (towards  the  reader) .  In 
order  to  account  for  centripetal  accelerations,  a  correction  was  applied 
according  to  the  gradient  wind  relationship  (gradient  currents  are  less  than 
geostrophic  currents  in  a  cyclonic  eddy).  Maximum  surface  current  velocity 
in  the  eddy  is  80  cm  s~^  (1.5  kt)  and  the  tangential  volume  transport  is 
50  x  10^  m^  s~^. 

Both  the  available  potential  energy  (APE)  and  kinetic  energy  (KE)  were 
determined  for  this  eddy.  The  APE  is  the  energy  which  would  become 
available  if  the  density  stratification  became  everywhere  barotropic,  and 
the  KE  is  the  energy  of  the  eddy's  mean  tangential  motion.  The  potential 
energy  anomaly,  x.  is  defined  as: 
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X  =  ~  J  p^dP  (erg  cm  )  (Fofonoff ,  1962) 

0 

_2 

where  g  ■  acceleration  of  gravity  (cm  s'  ) 

P  «  pressure  (dB) 

3  -1 

6  *  specific  volume  anomaly  (cnrg  ) 

This  quanty  was  computed  for  each  STD  profile.  Difference  between  the 
potential  energy  anomaly  at  any  point  inside  the  eddy  and  the  reference 
value  (station  10)  is  the  APE  per  unit  area,  and  the  total  APE  of  the  eddy 
was  obtained  by  summing  these  differences  over  the  area  of  the  eddy. 

Total  KE  was  determined  from  computed  gradient  current  velocities  by  a 
summation  over  the  eddy's  area,  where  KE  per  unit  area  is  defined  as: 

P 

KE  “  1/2  J  pv^  dP  (erg  cm  ^) 

0 

p  «  density  (g  cm“^) 
v  »  current  velocity  (cm  s-*) 

Since  most  eddies  are  not  circular,  but  slightly  elliptical,  both  the  APE 
and  KE  summations  were  performed  by  considering  the  eddy  boundary  to  be 
composed  of  two  semicircles  of  different  radii  and  integrating  over  the 
area  in  each  half  of  the  dddy. 

Total  APE  and  KE  of  the  cold  Kuroshlo  eddy  are  1.3  x  10z  ergs  and 
22 

3.3  x  10  ergs,  respectively.  This  yields  a  ratio  of  APE/KE  *  40.  Wright 
(1972)  has  estimated  the  APE/KE  ratio  of  the  ocean  to  be  between  10  and  50. 
Studies  of  four  different  cyclonic  Gulf  Stream  eddies  have  shown  this  ratio 
to  range  from  15  to  46  (Khedouri  and  Gemmill,  1974;  Cheney  and  Khedouri, 
1975;  Cheney  and  Richardson,  1976).  The  fact  that  a  Kuroshio  cyclonic  eddy 
has  an  APE/KE  ratio  similar  to  that  of  Gulf  Stream  eddies  is  not  surprising 
since  both  are  formed  by  western  boundary  currents  with  similar  scales. 


transports,  and  speeds. 

Cheney  and  Richardson  (1976)  followed  a  cyclonic  Gulf  Stream  eddy  for  14 
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months  and  determined  that  its  APE  decay  rate  was  approximately  10  ergs 
per  day.  If  we  apply  this  decay  rate  to  the  Kuroshio  eddy  we  arrive  at  a 
total  predicted  lifetime  of  3.9  years.  It  is  possible  that  energy  is  lost 
more  rapidly  during  the  later  stages  of  decay  and  therefore  this  estimate 
may  be  high.  However,  Gulf  Stream  eddies  have  been  observed  to  last  as 
long  as  two  years . 

Figure  6  is  a  composite  T-S  diagram  for  the  ten  STD  stations  in  the 
Kuroshio  cold  eddy.  Three  stations  near  the  center  of  the  eddy  (5,  6,  and 
7)  provide  evidence  of  the  less  saline  core  of  the  confluence  zone  water 
thus  confirming  that  the  eddy  was  formed  from  a  Kuroshio  meander.  The 
other  stations  maintain  a  tight  T-S  relationship  except  in  the  region  of  the 
salinity  minimum.  The  central  STD  stations  (5  and  6)  display  the  most 
pronounced  salinity  minima. 

B.  Kuroshio 

An  STD  section  was  obtained  across  the  Kuroshio  at  147°00'E  (figure 
7),  The  cross-current  temperature  difference  at  400  m  is  10°C  and  the 
horizontal  gradient  is  0.1°C  km  \  The  temperature  section  in  figure  8 
shows  the  front  extending  to  2500  m  with  a  horizontal  temperature  difference 
of  0.1°C  at  this  depth.  The  center  of  the  main  thermocline  (10°C)  slopes 
down  from  150  m  at  the  northern  portion  of  the  section  to  600  m  south  of 
the  Kuroshio  with  a  maximum  slope  of  7.5  m  km  \  The  nearly  isothermal 
layer  (16°-18°C)  between  the  upper  and  main  thermoclines  is  Subtropical 
Mode  Water  (Masuzawa,  1969).  The  T-S  characteristics  of  this  water  (T=17°C, 
S=t34.8°/oo)  make  it  a  counterpart  of  the  18°  Water  in  the  Sargasso  Sea 
(Worthington,  1959). 


The  salinity  section  (figure  9)  shows  the  salinity  minimum  layer  which 
corresponds  to  NPIW.  Comparison  with  the  temperature  section  in  figure  8 
reveals  that  the  axis  of  the  minimum  follows  the  bottom  of  the  main 
thermocline  (5°C).  The  core  of  the  NPIW  occurs  at  a  depth  of  300  m  in  the 
region  between  the  Oyashio  Front  and  the  Kuroshio,  with  a  minimum  salinity 
of  approximately  33.6°/<*o.  South  of  the  Kuroshio,  the  salinity  minimum 
layer  reaches  a  maximum  depth  of  800  m  with  a  salinity  value  of  33.7°/ 

The  sound  speed  section  through  the  Kuroshio  (figure  10)  shows  the 
depth  of  the  DSC  axis  and  the  SLD.  SLD  changes  from  50  to  90  m  as  the 
front  is  crossed  from  north  to  south.  DSC  exhibits  a  more  dramatic  ch  ^ 
from  400  m  north  of  the  Kuroshio  to  1230  m  in  the  subtropical  water  of  the 
Central  Region. 

Geostrophic  velocity  calculations  for  the  Kuroshio  were  performed 
assuming  a  "level  of  no  motion"  at  2500  db.  Shaded  portions  in  figure  11 
represent  westward  flow.  The  maximum  surface  current  speed  is  about  185 
cm  s"1  (3.6  kt)  which  is  equal  to  the  average  value  measured  by  geomagnetic 
electrokinetograph  (GEK)  at  145 °E  (Kawai,  1969).  A  countercurrent  is  seen 
approximately  150  km  to  the  south  (right)  of  the  Kuroshio  axis  having  a 
maximum  value  of  11  cm  s  ^  (0.2  kt).  A  very  weak  deep  return  flow  between 
stations  13  and  14  is  also  evident.  The  net  volume  transport  through  this 
section  is  64  x  10  m  s~  towards  the  east,  but  only  about  57  x  10°  in  s~ 
is  due  to  the  main  body  of  the  Kuroshio  (between  stations  16  and  12) . 

T-S  diagrams  for  the  ten  STD  stations  taken  in  the  Kuroshio  are  shown  in 
figure  12.  Station  17  was  taken  at  the  northern  edge  of  the  Kuroshio  while 
the  southern  edge  is  represented  by  station  12.  The  salinity  minimum 
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occurs  at  310  m  and  780  m  for  stations  17  and  12,  respectively.  In  the 
upper  portion  of  the  diagram,  the  five  southern  stations  (higher 
temperatures)  are  distinctly  different  from  the  five  northern  stations.  All 
profiles  converge  to  a  tighter  fit  at  about  10° C,  the  isotherm  representative 
of  the  main  thermocline.  This  is  the  western  North  Pacific  Central  Water. 

At  the  bottom  of  the  diagram  (T=1.8°C,  S=34.6°/oo)  is  western  North  Pacific 
Deep  Water. 

C.  Kuroshio  Anticyclonic  Eddy 

The  initial  survey  on  16  October  by  the  NAVOCEANO  aircraft  located  an 
anticyclonic  (warm)  eddy  at  37°50'N,  143°20*E  (Cheney,  1977) .  During  the 
time  between  the  aircraft  and  ship  surveys,  the  eddy  center  moved  52  km 
southeastward  at  an  average  speed  of  4  km  day-'*'  to  37°30’N,  143°45’E.  The 
ship  XBT  survey  (figure  7)  suggested  that  the  eddy  was  attached  to  the 
northern  edge  of  the  Kuroshio.  Subsequent  satellite  imagery  on  2  November 
confirmed  that  the  eddy  was  indeed  coalescing  with  the  Kuroshio.  Although 
interaction  with  the  Kuroshio  may  have  had  a  slight  effect  on  the  eddy 
during  the  ship  survey,  the  STD  section  obtained  on  30  October  is  believed 
to  be  representative  of  the  eddy’s  structure. 

The  average  diameter  of  the  eddy  is  120  km  (defined  by  the  6°C  isotherm  at 
400  m) .  At  400  m,  temperatures  at  the  eddy  center  are  6°  to  7°C  greater 
than  in  the  surrounding  waters.  Kitano  (1975)  discussed  the  size  and 
movement  of  anticyclonic  eddies  off  Japan  based  on  17  years  of  data  and 
found  that  eddies  had  an  average  diameter  of  130  km,  a  mean  translational 
speed  of  less  than  1  km  day1"^,  and  lifetimes  on  the  order  of  a  year. 
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The  zonal  temperature  section  through  the  eddy  along  37°30’N  is  shown 
in  figure  13.  The  isothermal  core  of  approximately  ll^C  was  created 
during  winter  by  vertical  mixing;  this  indicates  that  the  eddy  is  at  least 
eight  months  old.  The  seasonal  thermocline  (12°  -  18®C)  forms  a  "cap" 
over  the  isothermal  core.  Temperatures  at  the  eddy  center  are  6°C  warmer 
than  outside  at  400  m  and  0.3°C  warmer  at  1500  m. 

In  the  anticyclonic  eddy,  the  salinity  minimum  occurs  at  700  m  in  the 
center  and  at  400  m  outside  (figure  14) .  Maximum  horizontal  salinity 
gradient  occurs  at  600  m;  salinity  at  the  eddy  center  is  0.5°/oo  less  than* 
outside  at  this  depth.  The  34.5°/oo  isopleth  indicates  that  the  eddy 
extends  to  at  least  1500  m. 

The  sound  speed  section  (figure  15)  indicates  little  change  in  SLD 
across  the  eddy.  Maximum  sound  speed  occurs  at  the  top  of  the  main 
thermocline  in  the  warm  core  of  the  eddy,  with  a  maximum  horizontal  change 
of  25  m  s**1  at  400  m.  The  DSC  axis  is  depressed  from  400  m  in  the 
surrounding  water  to  a  depth  of  700  m  in  the  center. 

Figure  16  is  the  current  velocity  section  through  the  warm  eddy.  The 
shaded  region  represents  southward  flow  (toward  the  reader) .  Corrections 
for  centripetal  accelerations  have  been  applied  to  the  computed  geostrophic 
velocities.  Maximum  current  is  approximately  100  cm  s  ^  (2.1  kt)  while 
the  volume  transport  is  42  x  10^  m^  s“*. 

23  22 

Total  APE  and  KE  of  the  eddy  are  3.7  x  10  ergs  and  3.6  x  10  ergs, 
respectively  (APE/KE  =  10).  Saunders  (1971)  calculated  a  value  of  30 
for  the  APE/KE  ratio  for  an  anticyclonic  Gulf  Stream  eddy,  although  the 
accuracy  of  this  figure  is  only  +  50%.  Khedouri  and  Gemmill  (1974)  found 
the  ratio  to  be  18  for  a  larger  Gulf  Stream  warm  eddy. 
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The  T-S  diagrams  for  the  warm  Kuroshio  eddy  (figure  17)  appear  to  be 
more  diverse  than  those  of  either  the  Kuroshio  or  the  cold  eddy.  This  may 
be  due  in  part  to  the  inherent  variability  of  the  confluence  zone  water, 
which  is  being  mixed  into  the  warm  eddy.  An  additional  factor  could  be 
entrainment  of  Kuroshio  water  into  the  eddy  during  its  coalescence.  The 
depth  of  the  salinity  minimum  for  the  center  station  (if 27 ,  780  m)  ,  is  much 
deeper  than  for  the  outside  station  (if 17,  400  m)  ,  as  is  expected.  The  T-S 
curves  converge  to  the  Pacific  Deep  Water. 

IV.  SUMMARY  AND  CONCLUSIONS 

These  observations  represent  some  of  the  most  thorough  measurements  of 
Kuroshio  eddies  presently  available.  The  cyclonic  eddy  data  are  particularly 
significant  in  that  they  provide  the  first  detailed  description  of  these 
features . 

Selected  physical  properties  of  the  two  Kuroshio  eddies  are  given  in 
Tables  1  and  2.  Similar  properties  for  several  Gulf  Stream  eddies  are 
included.  Comparison  shows  that  the  cyclonic  Kuroshio  eddy  is  remarkably 
similar  to  its  Atlantic  counterparts.  No  attempt  is  made  here  to  adjust 
the  values  according  to  the  different  eddy  ages,  but  the  Kuroshio  eddy's 
size,  thermal  structure,  transport,  and  energy  fall  well  within  the  range 
of  values  for  cyclonic  Gulf  Stream  eddies. 

Table  2  indicates  that  the  anticyclonic  Kuroshio  eddy  has  transport 
and  energy  significantly  larger  than  the  two  Gulf  Stream  examples.  This 
appears  to  be  due  to  its  larger  overall  size  and  depth  (it  is  assumed  that 
effects  due  to  interaction  with  the  Kuroshio  are  negligible) .  Gulf  Stream 
eddies  of  comparable  size  have  been  observed  (Cheney,  1976)  but  values  of 
transport  and  energy  are  not  available. 
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One  fundamental  difference  in  structure  between  Kuroshio  and  Gulf 
Stream  eddies  is  the  existence  in  the  Pacific  of  the  intermediate  salinity 
minimum  (salinity  in  the  western  North  Atlantic  decreases  continuously  with 
depth) •  Another  basic  difference  is  that  the  main  thermocline  in  the 
Pacific  subtropical  gyre  is  300  m  shallower  than  in  the  Atlantic.  Never- 
the  less,  it  is  apparent  that  Kuroshio  and  Gulf  Stream  eddies  are  dynamically 
and  acoustically  similar  features. 


TABLE  2 

PHYSICAL  PROPERTIES  OP  VARIOUS  ANTICYCLONIC  EDDIES 


intersection  of  the  11°C  isothermal  surface  with  200  m 
reference  dpeth  used  for  transport,  APE,  and  KE  calculations 
estimated  from  200  m  temperatures  in  the  eddy 
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Figure  2  -  Temperature  (°C)  structure  of  the  Kuroshio  cold  eddy. 

The  main  thermocline  at  the  center  of  the  eddy  is  uplifted 
300  m  from  the  surrounding  water. 
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Figure  4  *-  Sound  speed  (m  s-1)  structure  of  the  cold  eddy. 

SLD  and  DSC  are  indicated  by  dashed  lines. 
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DEPTH  (m) 


TEMPERATURE  (°C) 


Temperature  (°C)  at  400  m  in  the  Kuroshio  and  the  warm  eddy,  26-31  October 
1976.  Locations  of  STDs  and  SXBTs  are  indicated  by,  triangles  and  dots, 
respectively.  The  warm  eddy  is  coalescing  with  the  Kuroshio. 
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Figure  9  -  Salinity  (°/oo)  structure  across  the  Kuroshio.  The  axis 

of  the  salinity  minimum  is  500  m  deeper  south  of  the  Kuroshio 
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KUROSHIO 
24  -  26  OCT  76 


DEPTH  (m) 


TEMPERATURE 


Figure  12  -  T-S  curves  for  Kuroshio  STD  stations.  The  northern 

edge  is  represented  by  station  17  and  the  southern  edge 
by  station  12. 
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Figure  15  -  Sound  speed  (m  s**^)  structure  of  the  Kuroshio  warm 
eddy.  The  DSC  is  300  m  deeper  in  the  center  of  the 
eddy  than  in  the  surrounding  water. 
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DEPTH  (m) 


STD  DATA  FROM  KUROSHIO  COLD  EDDY 
(22-24  October  1976) 

AND  CALCULATED  PARAMETERS 


STATION  no 
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